The 5' noncoding region of poliovirus RNA contains an internal ribosome entry site (IRES) for capindependent initiation of translation. Utilization of the IRES requires the participation of one or more cellular proteins that mediate events in the translation initiation reaction, but whose biochemical roles have not been defined. In this report, we identify a cellular RNA binding protein isolated from the ribosomal salt wash of uninfected HeLa cells that specifically binds to stem-loop IV, a domain located in the central part of the poliovirus IRES. The protein was isolated by specific RNA affinity chromatography, and 55% of its sequence was determined by automated liquid chromatography-tandem mass spectrometry. The sequence obtained matched that of poly(rC) binding protein 2 (PCBP2), previously identified as an RNA binding protein from human cells. PCBP2, as well as a related protein, PCBP1, was over-expressed in Escherichia coli after cloning the cDNAs into an expression plasmid to produce a histidine-tagged fusion protein. Specific interaction between recombinant PCBP2 and poliovirus stem-loop IV was demonstrated by RNA mobility shift analysis. The closely related PCBP1 showed no stable interaction with the RNA. Stem-loop IV RNA containing a three nucleotide insertion that abrogates translation activity and virus viability was unable to bind PCBP2.
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Poliovirus is a picornavirus which possesses a positive sense RNA genome that serves as the viral mRNA, with a long 5' noncoding region (NCR) containing six predicted stem-loop domains (stem-loops I-VI) that form extensive higher order structures (1, 2) . The complex secondary and tertiary structure, as well as the absence of a 7-methyl-guanosine cap on the 5' end of the RNA, prevent translation of the picornavirus genome via the normal cap-dependent, scanning pathway. Instead, translation occurs after ribosomes bind internally to a region of the 5' NCR called the internal ribosome entry site (IRES). Utilization of the IRES appears to be mediated by one or more host cell factors that bind to the 5' NCR (1, 3) .
Although a number of host cell proteins have been shown to bind specifically to the IRES regions of several picornaviruses (4) , only two of these proteins have been identified. The La autoantigen is primarily a nuclear protein thought to function in RNA polymerase III transcription termination (5) . La binds specifically to the 3' end of the poliovirus IRES (stem-loop VI) (6) . Rabbit reticulocyte lysate is deficient in La and, during cell free synthesis, gives rise to aberrant initiation of translation of poliovirus RNA. Addition of purified La to these translation reactions corrects this defect (7) . A second protein implicated in IRES-mediated translation is polypyrimidine tract binding (PTB) protein, likely involved in pre-mRNA splicing (8) . PTB binds to three sites within the poliovirus IRES (nucleotides 70-286, 443-539, and 630-730) (9, 10) . PTB has also been shown to bind to the 5' NCRs of other picornaviruses (11) (12) (13) , the 5'NCR of hepatitis C virus, and to the regulatory elements of human T-cell leukemia virus type 2 RNA (14, 15) . Immunodepletion studies have indicated that PTB is required for translation of encephalomyocarditis virus and poliovirus RNAs, although reconstitution of immunodepleted extracts was not successful, suggesting that another factor may be involved (9) . Additional genetic and biochemical data suggest that PTB binding to one site (nucleotides 443-539) in the IRES is not required for poliovirus translation initiation and viral infectivity (16) . Recently, a requirement for PTB has been demonstrated for encephalomyocarditis virus using RNA affinity column-depleted extracts and purified recombinant PTB (17) .
We have focused on the binding of host cell proteins to stem-loop IV of the poliovirus IRES. Stem-loop IV is a large and complex domain consisting of nucleotides 230-430, located in the middle portion of the poliovirus IRES. It is essential for viral RNA translation and virus viability (1) and may also play a role in viral RNA replication (18) . We previously showed that a small mutation in this stem-loop structure that abolished virus growth has a significant effect on the binding of cellular proteins, suggesting an important role for these factors in the translation initiation reaction (19) .
In this study, we have used a stem-loop IV RNA affinity column to isolate specific host cell proteins that bind to the viral RNA. A novel method of protein sequencing was used to identify one of these proteins as poly (rC)-binding protein 2 (PCBP2). Overexpressed recombinant PCBP2 protein, but not closely related PCBP1 (which has "90% sequence identity), specifically interacts with stem-loop IV RNA sequences.
MATERIALS AND METHODS
Purification of Stem-Loop IV Binding Proteins from HeLa Cells. Ribosomal salt wash (RSW) was prepared from -3 x 109 HeLa S3 cells and fractionated by precipitation with 40% saturation (NH4)2SO4 (A-cut), as described (19) . This material was then subjected to RNA affinity chromatography performed essentially as described by Metspalu et al. (20) and Fahnestock and Nomura (21) . Stem-loop IV-linked resin was Abbreviations: A-cut, 40% saturated (NH4)2SO4; IRES, internal ribosome entry site; PCBP, poly(rC) binding protein; NCR, noncoding region; PTB, polypyrimidine tract binding; RSW, ribosomal salt wash; CID, collision-induced decomposition; LC, liquid chromotography; MS, mass spectrometry. Data deposition: The sequences reported in this paper have been deposited in the GenBank data base (accession nos. X78136 and X78137).
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. placed in a small column and washed with binding buffer (40 mM KCl/5 mM Hepes, pH 7.1/2 mM MgCl2/0.1 mM EDTA/2 mM DTT). The A-cut fraction from 3 x 109 HeLa cells was incubated with 1 mg/ml total yeast RNA and 300 ,ug/ml heparin for 15 min, applied to the column, washed by gravity flow with 60 ml of binding buffer, and eluted with 2-3 ml of binding buffer containing the indicated amount of NaCl. Samples to be used for RNA mobility shift analysis were dialyzed overnight against binding buffer.
RNA Mobility Shift Assay. RNA mobility shift assays were performed as described (22) , except that, in the indicated samples, crude Escherichia coli extract (-1.5 mg/ml) or purified ovalbumin (0.6 mg/ml) was added to the reaction to prevent loss of purified protein by surface adsorption.
RNA Binding to Protein Blots. Northwestern assays were performed as described (23) . Briefly, 50-100 ,ug of protein was subjected to gradient SDS/10-18% polyacrylamide gels. Proteins were blotted onto nitrocellulose and either stained with Gold-Blot (Integrated Separation Systems, Hyde Park, MA), or probed with 32P-labeled stem-loop IV RNA in the presence of 20 ,ug/ml yeast RNA and 2x Ficoll-polyvinylpyrrolidone.
The blot was washed three times with binding buffer, one time with binding buffer with heparin (0.3-0.5 mg/ml), and one final time with binding buffer before autoradiography.
Enzymatic Digestion of Proteins. Proteins were separated by SDS/PAGE and stained with Coomassie blue. The protein bands were excised and digested in situ with trypsin according to the protocol described by Hellman et al. (24) .
Liquid Chromatography (LC)-Mass Spectometry (MS)/ MS. On line HPLC separation was performed on a microscale HPLC system built at the City of Hope as described (25, 26) . MS was performed on a Finnigan-MAT (San Jose, CA) TSO-700 triple sector quadrupole mass spectrometer equipped with a Finnigan-MAT electrospray ion source modified for microelectrospray as described (27) . The mass spectrometer and HPLC system were controlled by a Digital Equipment DECStation 5000/240 computer running Finnigan ICIs data system software (version 7.2). Programs for data acquisition and instrument control were developed using Finnigan Instrument Control Language version 7.27 as described (28) . Product ion spectra were correlated with a subset of 24,050 human proteins extracted from the OWL nonredundant protein data base version 26.3 using the SEQUEST data base correlation program, version B22 (29) .
Plasmids and Constructs. The cDNA sequence of the PCBPI and PCBP2 genes is found in the GenBank data base under the designation of heterogeneous ribonucleoproteins hnRNP-El and hnRNP-E2.
Primers were as follows: PCBP1-5' GTAGCTGACATAT-GGATGCCG; PCBP1-3' GCTAGACTGCAGCTAGCT-GCA; PCBP2-5' GTAGCTGACATATGGACACCGGT-GTG; PCBP2-3' GCTAGACTGCAGCTAGCTGCTC-CCCATG.
pT220-460 contains the cDNA for stem-loop IV RNA of the poliovirus IRES downstream of a T7 promoter. Its construction was described previously (22) . pQE30 is a bacterial expression plasmid obtained from Qiagen (Chatsworth, CA).
To construct pQE30-PCBP1 and pQE30-PCBP2, primer sets PCBP1-5'/PCBP1-3' and PCBP2-5'/PCBP2-3' were used in the polymerase chain reaction to amplify PCBP1 and PCBP2 sequences, respectively, from cDNA fragments (kindly provided by H. Leffers, University of Arnheim, Arnheim, Denmark) originally obtained from a cDNA library constructed from enucleated human amnion (AMA) cells (30) . These fragments were cloned into the NdeI/PstI sites of plasmid pLEX (Invitrogen). The PCBP1 and PCBP2 cDNA sequences were excised from pLEX with NdeI and HindIll, the NdeI sites blunt-ended after incubation with the Klenow fragment of E. coli DNA polymerase, and the DNA was cloned into the Smal/HindlIl sites of pQE30.
Overexpression of PCBP1 and PCBP2. PCBP1 and PCBP2 were expressed from the pQE30 constructs. Briefly, overnight cultures were used to inoculate fresh 2x YT broth at a 1:50 dilution and the cells were grown at 30°C to an OD600 of 0-9-isopropyl B3-D-thiogalactoside (2 mM) was added and cells were grown for an additional 5 h at 30°C. Cells were then pelleted and resuspended in 1/10 volume Tris HCl (10 mM, pH 8.0)/EDTA (1 mM) before sonication. Sonicated cell lysates were centrifuged at 10,000 x g for 30 min and the supernatant was frozen for subsequent use.
RESULTS
Our previous efforts to characterize HeLa cell proteins that bound biotinylated poliovirus stem-loop IV RNA sequences yielded three major polypeptides that were enriched in the RSW of HeLa cell cytoplasmic extracts (19) . To isolate sufficient quantities of these proteins, the 0-40% saturation ammonium sulfate precipitate from HeLa cell RSW was applied to an RNA affinity column containing stem-loop IV RNA linked to a Sepharose 6B matrix. The column was step-eluted with sequentially higher concentrations of NaCl and fractions were analyzed by SDS/10% polyacrylamide gel (Fig. 1A) The majority of the applied protein flowed through the column. Elution with intermediate concentrations of NaCl removed proteins from the column that interacted with the RNA, but with low affinity (Fig. 1A, lanes 2-12) . Elution with 2 M NaCl gave a pattern of four major proteins of 39-45 kDa, similar to that seen previously using biotinylated stem-loop IV RNA sequences (Fig. 1A, lanes 13-17) (19) . Elution with 1 M NaCl gave rise to identical protein patterns (data not shown).
Fractions from the RNA affinity column were tested for their ability to interact specifically with stem-loop IV RNA sequences by RNA mobility shift analysis (Fig. 1B) . To prevent adsorption of the purified proteins to the tube surfaces, either crude E. coli extract or purified ovalbumin protein was added to the incubation tubes. This added protein caused no change in mobility of the labeled RNA probe (Fig. 1B , negative control lane). The majority of the stem-loop IV RNA binding activity eluted with 2 M NaCl (Fig. 1B, lane 14) , correlating with the presence of the major polypeptides. A second experiment was performed to determine which of these polypeptides contained determinants for specific stem-loop IV RNA binding. The column was step-eluted with 0.2, 0.4, 1.0, and 2.0 M NaCl, and the majority of the 39-to 45-kDa polypeptides were recovered in the 1 M NaCl fraction. Polypeptides from these fractions were resolved by SDS/PAGE and transferred to a nitrocellulose membrane (Fig. 2) . One set of transferred polypeptides was stained with a gold-based detection stain ( Fig. 2A) , and another set was treated with sequential washes of decreasing concentrations of guanidine HCl and probed with 32P-labeled stem-loop IV RNA. Fig. 2B shows that the three major polypeptides in the 39-42 kDa range bound the stem-loop IV probe. Another protein of higher molecular weight, although present in significant quantity, did not bind. The same three reactive species were found in the HeLa cell RSW A-cut fraction (Fig. 2B, lane 5) . This analysis demonstrated that all three polypeptides in the 39-42 kDa range interacted specifically with stem-loop IV of the poliovirus 5' NCR.
A large-scale protein sample was generated to obtain material for protein sequence analysis. Ribosomal salt wash A-cuts were applied in several batches to the stem-loop IV RNA affinity column, and the column was washed extensively with loading buffer followed by a wash with 0.4 M NaCl. The column was then eluted with 1 M NaCl and fractions were collected. Fractions from all the batches were combined and concentrated (using Centricon-30 concentrators) before being subjected to preparative SDS/PAGE. polypeptide was the best resolved under these conditions (see Fig. 2 ) and was subjected to amino acid sequence analysis.
An estimated 100 pmols of 39-kDa protein in the excised gel band was subjected to in-gel endoproteolytic cleavage with trypsin. One percent of the resulting digestion mixture was analyzed by automated microcapillary HPLC/microelectrospray tandem MS. The mass spectrometer was programmed to scan for components of the digest mixture as they eluted from A. Fig. 1 , and those fractions with the highest level of protein were separated on 10-18% polyacrylamide gradient gels and blotted to nitrocellulose membranes. One membrane (A) was stained by a gold-based detection method and a second membrane (B) was used in a Northwestern assay. 32P-labeled stem-loop IV RNA was used as a probe. Molecular a capillary HPLC column. When a unique signal of sufficient intensity was detected, the precursor ions of that mass were automatically transmitted for collision-induced decomposition (CID). The series of resulting product ions identified the peptide sequence by matching the observed CID spectra with predicted spectra that were derived from peptides in the data base with the same precursor mass. After accumulating a maximum of four CID spectra the instrument automatically returned to precursor ion scanning until the next signal of sufficient intensity was observed.
The data system attempted 73 CID analyses during a single 45-min experiment. The reconstructed ion chromatogram is shown in Fig. 3 . An initial correlation analysis with the protein database matched 11 CID spectra with peptide sequences from human PCBP2 and one with a peptide sequence from keratin. Manual interpretation of additional spectra with poor correlation scores revealed peptide sequences of PCBP2 with a variety of charge states and amino acid modifications that were not considered during the initial correlation analysis. After modification of SEQUEST search parameters to reflect information obtained from manual interpretations, an additional 12 spectra were found to match peptide sequences from PCBP2. These matches identified -55% of the PCBP2 protein sequence, and were sufficient to clearly distinguish it from the sequence of PCBP1, a closely related RNA binding protein (Fig. 4) . PCBP1 and PCBP2 share about 90% sequence identity. The remaining CID spectra were rejected by the data system after one or two scans based on identification of a "fingerprint" corresponding to a gel-derived contaminant (28) , or generation of inconsistent spectra, or were of insufficient quality to be interpreted.
The cDNAs for the PCBP1 and PCBP2 proteins were obtained from Leffers et al. (30) . Thepcbpl plasmids were grown, and protein expression was induced with isopropyl ,B-D-thiogalactoside (Fig. 5) . The molecular weights of the polypeptides encoded by these constructs were consistent with those predicted for PCBP1 and PCBP2 containing six N-terminal histidine residues. While a significant portion of the two proteins localized to the soluble fraction of the lysates, the majority was insoluble (compare lanes 3 and 5 with lanes 4 and 6).
Samples of the soluble portion of bacterial extracts containing recombinant PCPB proteins were tested for interaction with stem-loop IV RNA sequences by RNA mobility shift analysis. PCBP2, but not PCBP1, showed specific RNA binding (Fig. 6, lanes 6 and 4) . The mobility shift appeared similar to that induced by HeLa cell protein (Fig. 6, lane 3) . These data suggest that the recombinant, histidine-tagged protein behaves similarly to the protein found in HeLa cells. Binding of PCBP2 was dependent on concentration (lanes 6-11). PCBP2 protein purified from E. coli to greater than 90% purity by ion were oxidized, respectively. 8*, 15*; Cys-54, -99 were identified as cysteine-acrylamide adduct, respectively. 10*; Cys-54 was identified as cysteine-mercaptoethanol adduct. 13*; Cys-99 was oxidized.
exchange chromatography also displayed specific binding to stem-loop IV RNA sequences (data not shown).
We previously demonstrated that a 3-nt insertion at nucleotide 325 of the stem-loop IV RNA sequence (IV-325 RNA) abrogated translation and decreased the binding of protein to stem-loop IV RNA sequences (19) . To examine the ability of the E. coli-expressed PCBP2 protein to interact with the mutated stem-loop IV sequences, 32P-labeled IV-325 RNA was used in an RNA mobility shift assay. proteins were used in a RNA mobility shift assay with either 32P-labeled stem-loop IV RNA probe (IV), or 32P-labeled RNA probe made from the pT325MUT plasmid (IV-325). PC indicates the positive control, which is -20-30 ,ug HeLa cell A-cut. Dilutions of PCPB1 and PCBP2 extracts are indicated, with U indicating that the extract was used undiluted. C is the RNA protein complex and F is the free RNA probe.
13) shows that IV-325 RNA sequences failed to form a stable complex with the PCBP2 protein, consistent with a functional role for this protein in the translation initiation reaction.
DISCUSSION
The poliovirus translation initiation mechanism appears to involve a number of cellular factors whose roles, both in the host cell and in viral translation, remain unclear. Prior to this work, two such factors have been identified. Both of these factors, PTB and La, bind to distinct regions in the poliovirus 5'NCR and appear to participate in viral translation (6, 7, 17) . In this study, we have identified a third protein, PCBP2, which appears to be involved in poliovirus translation. Like the others, PCBP2 is an RNA binding protein thought to be involved in nuclear RNA biosynthesis or metabolism (30) . PCBP2 cDNA sequences were originally isolated from an expression library in a directed search for RNA binding proteins related to the poly(rC)-binding hnRNP-K. hnRNP-K contains three copies of a motif termed the K-homologous, or KH, domain as well as several RGG boxes that are thought to be responsible for the protein's ability to interact with poly(rC) sequences (31) . PCBP2 contains three KH domains, but does not possess any RGG boxes. While these KH domains may mediate RNA binding by the PCBP2 protein, the mechanism and specificity are not clear. PCBP2 has been reported to be found in a phosphorylated and a nonphosphorylated form in AMA cells (30) . Preliminary results show that antibodies raised against PCBP2 crossreact with all four 39-to 45-kDa proteins from HeLa cells, suggesting that they are all isoforms of PCBP2 (data not shown), although the basis of the mobility differences has not been demonstrated. The nonphosphorylated form is thought to bind tightly to poly(rC), while the phosphorylated form binds less well. PCBP2 also binds to poly(rG) and poly(rU), but not to poly(rA) (30) . Another highly related protein, PCBP1, has been shown to have very similar RNA binding properties (30, 32) . These two proteins share greater than 90% sequence identity. Both PCBP1 and PCBP2 mRNA appear to be expressed in most tissues tested, although the overall expression level of PCBP1 is 2-3 fold higher; PCBP1 does not appear to be expressed in HeLa cells (30, 32) .
RNA mobility shift assays indicated that PCBP2 interacts specifically with stem-loop IV RNA sequences but PCBP1 does not, despite their similarity in sequence and binding characteristics for interactions with ribonucleotide homopolymeric sequences. The lack of interaction of this RNA with PCBP1 suggests that PCBP2 recognizes and binds a specific heteronucleotide sequence or structure. The specificity demonstrated by the two PCBP proteins may provide valuable direction for the determination of the amino acids responsible for this specific binding.
The protein isolated in this study binding to stem-loop IV of the poliovirus IRFS was identified as PCBP2 using microspray LC-MS/MS. Wilm et al. (33) reported a similar method of sequencing proteins from polyacrylamide gels by nanospray MS that did not include HPLC separations. In our approach, we combined the separation power of microflow capillary chromatography with computer-controlled tandem MS to obtain considerable quantities of data over a short period of time.
Several of the peptides derived from PCBP2 contained multiple amino acid modifications and eluted at multiple points in the chromatogram. Consequently, these peptides were identified more than once during the LC-MS/MS analysis. Peptides containing Met-20, -74, -87, -137, -252, and -258 were identified with and without methionine oxidation. Three CID spectra contained the cysteine-acrylamide and cysteine-2-mercaptoethanol adduct form of the Cys-54 and Cys-99 containing peptides. As previously reported (34) , this modification can occur during SDS/PAGE by the reaction of cysteine with components of the acrylamide gel.
The involvement of PCBP2 in poliovirus RNA translation remains to be proven. IV-325 RNA sequences failed to manifest interaction with PCBP2. This three-nucleotide insertion was shown previously to abrogate greater than 90% of IRES-based translation in vivo and to be lethal for virus growth (19, 35) . Although the effect of this mutation on the overall structure of stem-loop IV has not been determined, it is likely that the insertion disrupts a binding site for protein(s) involved in IRES utilization. The loss of interaction between stem-loop IV RNA sequences and the PCBP2 protein in the presence of this mutation supports a functional role for PCBP2 in the translation initiation reaction. Further experiments are underway to fully examine the role of PCBP2 in poliovirus translation, and to identify additional proteins that specifically bind stem-loop IV RNA.
